Introduction
Modern siliciclastic sediments deposited in basins related to different tectonic settings vary in petrography of framework grains. This variability depends not only on provenance (i.e., source-area lithologies) but also on the tectonic setting of the depositional basin (Potter 1978; Dickinson and Valloni 1980; Valloni and Maynard 1981) . The petrographic composition of any original basin sediment, and the proportion of framework grains to matrix, may be modified or even destroyed by later processes such as diagenesis, metamorphism and deformation. Consequently, the reconstruction of the tectonic setting of a depositional basin may become a difficult or even impossible task, particularly where the original successions are metamorphosed. In such cases, the application of major-and trace-element geochemistry can be fruitful (Bhatia and Taylor 1981; Bhatia 1983 Bhatia , 1985 Bhatia and Crook 1986; Roser and Korsch 1988) . However, some workers have argued that the use of major-element geochemistry can lead to erroneous conclusions even in the case of very young sediments deposited in basins of known tectonic setting (armstrong-altrin and Verma 2005) . Therefore, high-field-strength elements (HFSE) are considered more reliable. The main advantage is their low solubility in aqueous fluid which allows undisturbed transfer from the source area to a depositional basin without any fractionation (Holland 1978; Mclennan 1989; Bierlein 1995) . Moreover, HFSE are considered virtually immobile during diagenesis (Girty et al. 1994 ) and metamorphism (Mclennan and Taylor 1991; Bau 1991 (1) The pre ~540 Ma evolution of an active continental margin and related back-arc basin ceased with the collision and accretion of the magmatic arc to the Gondwana margin; (2) Early Cambrian rift to drift transition (540-500 Ma) and development of a depositional basin filled with detritus derived from remnants of the magmatic arc; (3) Peri-Gondwana break-up leading to the formation of shallow-water passive margin depositional basins filled with quartz-rich detritus resembling Early Ordovician armorican quartzites known from other parts of the Variscan Belt. et al. 1993) . Thus, study of their concentrations in even metamorphosed siliciclastic sediments can provide reliable information regarding detritus provenance and the tectonic setting of the depositional basin.
The European Variscan Belt developed in response to closure of the Rheic Ocean followed by assembly of Pangea (e.g., Murphy et al. 2009; nance et al. 2010 ) resulting from collision between Gondwana and laurussia (e.g., Matte 1991). In Europe, the internal part of the orogenic belt includes some rock complexes which contain Cadomian basement derived from an arc developed at the Gondwanan margin during latest neoproterozoic (e.g., Fernandez-Suarez et al. 2003; linnemann et al. 2008 ). This arc was later detached from the edge of Gondwana during late Cambrian-Early Ordovician times and drifted northward, resulting in the opening of the Rheic Ocean Murphy et al. 2009; nance et al. 2010) . Cadomian rock complexes exposed within the Variscan Belt are composed of neoproterozoic basement intruded by latest Cambrian ca 540-480 Ma granitoids and covered by metamorphosed sediments of Cambrian to Ordovician age (e.g., linnemann and Romer 2002; Pereira et al. 2006 ). a typical feature of this metasedimentary cover is the existence of a sedimentation gap related to the Cadomian orogenesis (the Cadomian unconformity) which affected at least the earliest Cambrian. These Cadomian rock complexes have been documented in the Variscan Belt from Spain and Portugal through France and Germany to Poland (e.g., linnemann et al. 2008) . Recently, the Cadomian volcano-sedimentary succession with the earliest Cambrian sedimentation gap has been recognized in the Orlica-Śnieżnik Dome (OSD) in the Sudetes (Mazur et al. 2012) .
This paper focuses on the chemical composition of metasediments from the Młynowiec and the Stronie Formations (SFs), and of the Goszów quartzites (GQ) cropping out in the OSD (Fig. 1) . The chemical compositions of metasediments from both parts of the OSD separated by the nysa Kłodzka Graben are used to show their compositional similarities with Cadomian-and post-Cadomian sedimentary sequences elsewhere in the Variscan Belt of Europe. Our results demonstrate that both the Młynowiec and the Stronie Formations were derived by erosion of supra-subduction rock complexes. The older Młynowiec Formation (MF) most probably represents sedimentary infill of a backarc basin developed between the Cadomian arc and the Gondwana passive margin (PM). The younger SF deposited after closure of this basin represents detritus derived from freshly formed Cadomian rocks. Interestingly, the detritus was laid down within an oceanic domain-the Rheic Ocean developed in response to separation of the Cadomian (avalonian terrane) from Gondwana. In contrast, the GQ correspond to sediments deposited on the Gondwanan PM after separation of avalonia. The evolutionary scheme for the sedimentary basins and tectonic settings proposed for the OSD metasediments described in the present work is in agreement with the tectonic scenario suggested for the evolution of the neoproterozoic to Ordovician volcano-sedimentary successions preserved in the Saxo-Thuringian in Germany, and the Ossa-Morena and Central Iberian Zones in Portugal and Spain (e.g., Pereira et al. 2006; linnemann et al. 2008) . Moreover, it corroborates current hypotheses for the formation of the Rheic Ocean (e.g., arenas et al. 2007 , Sánchez-García et al. 2008 Martinez et al. 2009 ).
Geology of the study area
The OSD, situated in the easternmost part of the Central Sudetes (Fig. 1) , exposes amphibolite facies orthogneisses mantled by rocks of a volcano-sedimentary succession. Though the orthogneisses are of different varieties, of which the Gierałtów migmatitic gneisses and the Śnieżnik porphyritic gneisses are the most important are of different varieties, all are derived from the same granitic protolith dated at 520-490 Ma, interpreted as the time of intrusion (e.g., Turniak et al. 2000; lange et al. 2002 . The gneisses host small inliers of (U) HP granulites and eclogites (e.g., Bakun-Czubarow 1992; Kryza et al. 1996; Štípská et al. 2004 ). The Upper Cretaceous nysa Kłodzka Graben serves to divide the OSD into the eastern Śnieżnik Massif (SM) and the western Bystrzyckie and Orlickie Mountains Massif (BOM). Recently, the OSD has been interpreted as a mantled gneiss dome formed in response to crustal-scale folding initiated during Variscan collision of the Saxo-Thuringia and Brunia terranes (Chopin et al. 2012 ). In this model, the OSD represents Saxo-Thuringian crust underthrust beneath the Teplá-Barrandian terrane (TB) and subsequently exhumed in front of the Brunia rigid butress.
The supra-crustal rocks cropping out in the OSD represent a volcano-sedimentary succession traditionally divided into the monotonous MF and the variegated SF and collectively labelled as the Młynowiec-Stronie Group (Don et al. 1990 ). The SF rests on a thin horizon of the GQ, separating it from the underlying monotonous MF (Fischer 1936; Don et al. 1990 ). according to Fischer (1936) , the discontinuity between the MF and SF was intruded by the granitic precursor of the Śnieżnik orthogneiss, a view that has never been questioned. However, more modern models suggest that the Śnieżnik granite intruded the volcano-sedimentary succession along the pre-Variscan subhorizontal planar structure (e.g., Don et al. 1990 Don et al. , 2003 Chopin et al. 2012) . The entire metasedimentary sequence is believed to form a continuous succession of either neoproteorozic to Cambrian age (micropalaeontological evidence, e.g., Gunia 1974 Gunia , 1989 Gunia and Wierzchołowski 1979) or of Cambrian to Ordovician age (Jastrzębski et al. 2010 ; detrital zircon geochronology). This view contradicts the suggestion that the MF and SF (including the basal GQ) are separated by a major unconformity (Fischer 1936; Don and Dowidar 1988; Don et al. 1990 ). Moreover, recent U-Pb SHRIMP data from detrital zircons indicate that the supra-crustal rocks record different maximum sedimentation ages. This allows the whole sequence to be interpreted as comprising distinct metasedimentary successions of different maximum deposition ages: neoproterozoic for the MF, Early Cambrian for the SF and latest Cambrian Early Ordovician for the GQ (Mazur et al. 2012 ).
Thus, the volcano-sedimentary successions preserved in the OSD shows a very similar lithostratigraphic scheme to that observed in other parts of the Variscan Belt of Europe, e.g., the Saxo-Thuringian zone in Germany, and the OssaMorena and Central Iberian Zones in Spain and Portugal where relatively well-preserved fragments of Cadomian basement are covered by Cambrian and Ordovician successions (e.g., linnemann et al. 2008; Pereira et al. 2006 ). This conclusion is reinforced by the occurrence of basic and felsic metavolcanics preserved in the volcano-sedimentary successions of the OSD. The chemical features of metabasalts in the western part of the OSD interfingering Mazur et al. (2005) . The inset shows the location of the study area within the Bohemian Massif the SF resemble, in the main, basalts of E-MORB and n-MORB affinity with minor intercalations of alkaline metabasalts. This metavolcanic suite has been interpreted as formed during the transition from a back-arc to a riftedmargin setting during the final stages of the Cadomian orogeny and recording incipient early Palaeozoic rifting (Ilnicki et al. 2013) . Interestingly, the chemistry of felsic volcanic dated at ca 500 Ma (Murtezi and Fanning 2005) and interfingering the SF in the SM supports the interpretation that they originated in a supra-subduction environment related to back-arc spreading (Murtezi 2006) . Finally, the isotopic evidence shows that the GQ cannot represent the base of the SF (Mazur et al. 2012) . Taking into account the maximum depositional age of the quartzites and their petrographic features, these rocks resemble the Ordovician overstep sequence (Mazur et al. 2012 ) widespread in Central and Western Europe and deposited during the separation of avalonia from Gondwana (linnemann et al. 2008 and references therein).
For a long time, the age of the volcano-sedimentary successions in the BOM remained unknown. This hampered comparison of rock formations exposed in both eastern and western parts of the OSD, even though these show very similar lithology (Dumicz 1964; Szczepański 2010a) . On the western part of the OSD in Poland, the volcano-sedimentary succession crops out in three tectonic units, namely, from nE to SW, the Młoty Unit, the Poręba Unit and the niemojów Unit comprising orthogneiss bodies as well as the metavolcanic succession (Szczepański 2010a ; inset in Fig. 2 ). The metasedimentary sequence in the Młoty Unit is dominated by monotonous paragneisses with rare inliers of metabasalts. The volcano-sedimentary succession in the Poręba Unit comprises variegated series composed mainly of mica schists intercalated with marbles, paragneisses, quartzites as well as felsic and basic metavolcanics. The latter shows in places well-preserved pillow structures (Szczepański 2010a; Ilnicki et al. 2013) . lithological similarities suggest that paragneisses of the Młoty Unit might be equivalents of the monotonous MF, while mica schists cropping out in the Poręba Unit may correspond to the variegated SF. Furthermore, U-Pb SHRIMP zircon ages obtained most recently for detrital zircons collected from mentioned metasedimentary successions cropping out in the BOM confirm these suggestions (Mazur et al. 2013) . Unfortunately, the age of the quartzites in the BOM remains unknown. However, considering the numerous similarities between the three volcano-sedimentary successions exposed in both parts of the OSD, it seems reasonable to suggest that at least some of the quartzites in the BOM may be equivalents of the GQ preserved in the SM.
The tectonometamorphic evolution of the Polish part of the OSD involved between three and five tectonometamorphic events related mainly to the Variscan collisional episode and crustal-scale folding (e.g., Murtezi 2006; Jastrzębski 2009; Szczepański 2010a Szczepański , 2011a Skrzypek et al. 2011a, b; Chopin et al. 2012) . Variscan metamorphism is partly characterized by a Barrovian zonal pattern with biotite-, garnet-, staurolite-, kyanite-and sillimanite zones developed (Opletal and Domečka 1983; Jastrzębski 2009; Szczepański 2010a; Chopin et al. 2012 ).
Sampling and analytical methods
Twenty-three representative rock samples were used for the geochemical study. Eight were collected in the western part of the OSD and fifteen in the eastern part of the OSD. They represent the paragneisses of the MF (6 samples), the mica schists and paragneisses of the SF (14) and the GQ (3; Fig. 2 ; Table 1 ).
The analyses were carried out at acme analytical laboratories ltd. (Vancouver, Canada). Major-element concentrations and concentrations of HFSE including rare-earth elements (REE) were determined using ICP-ES following lithium metaborate fusion and nitric acid digestion of 0.2 g samples. loss on ignition (lOI) was measured by weight difference after ignition at 1,000 °C. Detection limits are within 0.01 % for major elements, between 0.1 and 0.5 ppm for most trace elements, 1 ppm for Ba, Sn and Zn and 8 ppm for V. The analytical results are given in Table 2 . all diagrams were designed using the GCDKit software (Janoušek et al. 2006) .
Results

Petrography
The rocks record varying degrees of metamorphism and deformation that resulted in complete recrystallization and the growth of new minerals. The primary framework mineralogy, matrix composition and relative proportions between framework grains and matrix have been destroyed. Consequently, conclusions based solely on petrography concerning original provenance and tectonic setting are tentative.
The mineral assemblages of the rocks are in part a function of their metamorphic history and, in part, of their primary sedimentological composition. Primary sedimentary textural relationships have been lost. Only modal abundance provide any mineralogical insight into what the primary rocks were. Table 3 shows modal compositions for selected OSD metasediments. assuming that the metamorphic processes were isochemical, it is only possible to tentatively classify the paragneisses as originally mainly arkosic, the mica schists as largely lithic deposits and the quartzites as reflecting the metamorphism of quartz-rich sediments. It seems that high al content in some of the analysed SF and MF rocks (Table 2) may suggest semipelitic protholit to these samples, what is documented also by the diagram from Fig. 4 .
Major elements
The major oxide-and trace-element concentrations of the analysed OSD rocks are given in the Szczepański (2010a) . Blue circles the MF, green triangles the SF, yellow boxes the GQ enriched in TiO 2 and depleted in CaO, na 2 O and P 2 O 5 (Fig. 3) . The GQ clearly depart from this picture in having lower abundance of all major elements, excepting SiO 2 . The GQ are also distinguished by a pronounced depletion in CaO and na 2 O-much greater than that characterizing the other rocks analysed. The low CaO and na 2 O concentrations may reflect chemical weathering in the source area or partial removal during metamorphism. This is confirmed by weak (<0.58) correlation coefficients of CaO (−0.09 [MF+SF] , 0.11 [GQ] ), na 2 O (0.54 [MF+SF] ) and K 2 O (0.58 [MF+SF] , 0.11 [GQ] ) with al 2 O 3 for all age groups. Slightly higher concentrations of TiO 2 relative to the UCC (Fig. 3) for most of the analysed rocks are probably due to higher heavy-mineral contents, mainly rutile and ilmenite.
In discriminating between mature and immature sediments, frequently used parameters are SiO 2 /al 2 O 3 and Fe 2 O 3 /K 2 O (Potter 1978; Herron 1988) . SiO 2 /al 2 O 3 allows the abundance of quartz and feldspar relative to clay minerals to be assessed because of the lower SiO 2 /al 2 O 3 of the latter. Fe 2 O 3 /K 2 O serves as a gauge of mineral stability and is also believed to be a good measure of feldspar content. These parameters were used to classify the OSD rocks in Fig. 4 (diagram from Herron 1988) . Most of the MF and SF rocks plot in the field of shales and wackes, indicating high mica or clay protolith contents. One SF sample (st24), departing slightly from this pattern, is located within the litharenite field. In contrast, GQ samples of the GQ fall within the subarkose field, suggesting relatively high al 2 O 3 concentrations and, probably, high clay/mica contents. Moreover, the Herron diagram indicates that the rocks of the MF and SF are similar to the neoproterozoic and Cambrian siliciclastic sediments of the Saxo-Thuringian Zone and that the GQ show a chemical affinity with the quartzrich sandstones from Saxo-Thuringian Zone (linnemann and Romer, 2002; Fig. 4 ).
Trace elements
The REE patterns of the GQ differ systematically from those of the Młynowiec-and SFs ( Fig. 5a-c) . The GQ show Eu/Eu* anomalies in the narrow range 0.42-0.61, (Table 2) , lREE enrichment (la/Yb) Cn = 7.18-10.48 and slightly inclined HREE patterns (Gd/Yb) Cn = 1.2-1.84 where Cn stands for chondrite-normalized values. In contrast, both the MF and SF rocks show strikingly different and variable Eu/Eu* anomalies in the range 0.50-0.85, lREE enrichment (la/Yb) Cn = 4.94-14.79 and flat to slightly negative HREE patterns (Gd/Yb) Cn = 0.92-2.27. The chemical compositions of rocks of the MF and SF are almost identical to those of metasediments from the Saxo-Thuringian Zone (Fig. 5a, b) . However, the GQ rocks are characterized by lower abundance of all REE elements compared to their equivalents in the Saxo-Thuringian Zone-a difference that may reflect higher mica contents or additional mineral carriers of trace elements in the latter.
abundance of most trace elements, including REE, in the MF and SF are similar to those of the UCC (Fig. 6a-b ). The rocks of the monotonous MF are characterized by distinct negative Sr and nb anomalies, enrichment in Cs, Rb and Cr and variable but generally higher amount of Sc, Y and ni (Fig. 6a) . Two samples (s25 and Ml43) show slight depletion in lREE relative to the UCC. The SF rocks are chemically more varied and show negative Sr and nb anomalies and distinct positive Cs anomalies (Fig. 6b) . The remaining trace elements show variable but generally higher concentrations yielding up to 2.2× UCC. Sample st24 shows a somewhat different pattern; it shows depletion in all analysed trace elements compared to the UCC (Fig. 6b) . In this last case, the depletion may reflect the low abundance of micas. In contrast, the GQ rocks show very low concentrations of all the trace elements relative to the UCC (Fig. 6c) . Furthermore, the chemical composition of these rocks is characterized by strong Sr, nb and Sc negative anomalies, and positive Zr and Hf anomalies as is well seen in samples Q13 and 
Discussion
Factors affecting bulk-rock chemistry
The chemical compositions of metamorphosed siliciclastic sediments mainly reflect that of the original sediments and their sources, and the tectonic setting of deposition. However, compositions may be altered by secondary processes such as metamorphism, chemical weathering and sedimentary recycling and sorting. Thus, it is necessary to evaluate the influence of each of these factors before addressing the provenance of the sediments and the tectonic setting of their deposition.
Influence of metamorphism
The OSD metasediments underwent green schist to amphibolite facies metamorphism that potentially affected concentrations of major-and trace elements. For this reason, samples containing veins and attesting to remobilization were avoided. Several lines of evidence argue against largescale element remobilization of particular trace elements. The MF and SF rocks show uniform and fairly smooth REE and trace-element patterns irrespective of the temperature of the recorded metamorphism (Figs 5a-c, 6a-c)-a feature not to be expected if any significant remobilization had taken place (Yang 1998) . The large-ion lithophile elements (e.g., na, K) in particular are most likely to have been affected by the metamorphic processes. However, any large-scale remobilization of REEs, Th, Zr, Sc, Cr and Co seems unlikely.
Influence of weathering
The influence of weathering on the chemical composition of sediments is commonly evaluated using the chemical index of alteration, continental island arc (CIa), which is regarded as reflecting the progressive alteration of feldspars to clay minerals (nesbitt and Young 1982). These workers proposed that CIa values for Phanerozoic shales normally range from 70 to 75, suggesting moderate chemical weathering related to the formation of muscovite, illite and smectite. a CIa value of ~100 is taken to indicate intense weathering leading to the growth of clay minerals such as kaolinite. Unfortunately, as the CIa index employs elements regarded as mobile during metamorphism, conclusions based on the index must be treated with caution. Values of the CIa index for the OSD rocks fall in the range 59-84 with a mean of 68 ± 7 ( Table 2 ). The GQ rocks are characterized by higher CIa values (72-84) than the remainder of the analysed rocks (59-77; Table 2 ). Compared to the average CIa values for shales (70-75; Taylor and Mclennan 1985) and for fresh granitoids (45-55; nesbitt and Young 1982), the protolith sediments of the paragneisses and schists show slight-to-moderate weathering and, those of the GQ, a relatively high degree of weathering. as observed on the ternary plots a-Cn-K (al 2 O 3 -CaO + na 2 O-K 2 O) and a-CnK-FM (al 2 O 3 -CaO + na 2 O + K 2 OFeO + MgO) proposed by nesbitt and Young (1984) and nesbitt and Young (1989), the OSD rocks show a marked loss in na 2 O, K 2 O and CaO; the data define a trend typical for the weathering of acid magmatic rocks (Fig. 7a) . a minor shift towards the FM apex (Fig. 7b ) may indicate the influence of a secondary process, possibly sedimentary, which led to concentration of heavy minerals such as ilmenite.
Relative to Th, U is easily mobilized during weathering and sedimentary recycling, resulting in an increase in Th/U. although highly reduced sedimentary environments can be enriched in U and show low Th/U ratios, the weathering process favours the oxidation of insoluble U 4+ to soluble U 6+ with subsequent loss of U and elevation of Th/U (Mclennan and Taylor 1980, 1991; Mclennan et al. 1990 ). The Th/U values of all the OSD metasediments range from ca 2.2-7.3, and they follow the normal weathering trend (Fig. 8a) . On average, the SF rocks are characterized by a mean Th/U (5.17 ± 1.25) higher than that typical for the UCC (~3.8; Taylor and Mclennan 1985) . However, the MF paragneisses show a mean Th/U of 3.99 ± 1.05 which is close to the UCC value. Consequently, it is likely that the protolith of these rocks was derived from rather weakly weathered source rocks. The GQ have a Th/U ~3.8 or slightly below, indicating a relatively minor degree of weathering-at variance with conclusions to be drawn from Fig. 7a . However, assessment of the degree of weathering based on Th and U seems more reliable than that based on Ca, na and K in these rocks.
The quartz dilution effect
The potential roles of zircon, allanite and monazite merit consideration (Mclennan 1989 ) as these minerals were Sun and McDonough (1989) . Grey fields as in Fig. 4 reported from the OSD rocks (Jastrzębski et al. 2010; Szczepański 2010a; Mazur et al. 2012) . Zircon abundance in sediments can be reflected by values of Th/Sc and Zr/ Sc ( Fig. 8b ; Mclennan et al. 1993 ). analyses reveal variable values of Th/Sc ranging from 0.71 to 3.15. The highest values (2.55-3.15), characteristic of the GQ, presumably reflect high zircon accumulation. Consequently, these quartzites are located on Fig. 8b along the line typical for deposits dominated by sediment recycling and zircon enrichment due to hydraulic sorting. The rest show Th/Sc values ranging from 0.71 to 1.17, indicating lesser degrees of zircon accumulation. However, as zircon preferentially incorporates HREE relative to lREE, zircon accumulation should lead to HREE enrichment and a decrease in (la/Yb) Cn . Such a trend is not evident in the studied samples (Fig. 9 ). Thus, with the exception of the GQ, it is possible that the chemical composition of the OSD rocks was mainly controlled by the sedimentary basin tectonic setting rather than by the secondary sorting and reworking of older deposits. The GQ have the chemical features of sediments typical of a PM.
The very low concentrations of most trace elements in the GQ together with the relatively high concentrations of Zr and Hf might reflect the quartz dilution effect (Cullers 1994; Figs 5, 6c) . This phenomenon leads to the elimination of the REE-bearing minerals (in this case mainly phyllosilicates) from the sediment and, simultaneously, may cause preferential enrichment in heavy accessories, e.g., zircon (Mclennan and Taylor 1991) as indicated by Fig. 8b .
Influence of minerals
Positive correlations of ΣREE with al 2 O 3 (0.85 [all] , 0.57 [GQ] , 0.76 [MF] , 0.76 [SF] ), K 2 O (0.63 [all] , 0.88 [GQ] , 0.55 [MF] , 0.14 [SF] ), TiO 2 (0.88 [all] , 0.85 [GQ] , 0.69 [MF] , 0.89 [SF] ), nb (0.89 [all] , 0.88 [GQ] , 0.52 [MF] , 0.83 [SF] ) and Th (0.90 [all] , 0.95 [GQ] , 0.80 [MF] , 0.78 [SF] ) and negative correlation with SiO 2 (−0.80 [all] , −0.85 [GQ] , −0.77 [MF] , −0.64 [SF ) all indicate that the REE content is mostly controlled by varying amounts of phyllosilicats together with rutile or ilmenite as a Ti and nb carrier. low correlations for K 2 O most probably reflect metamorphic remobilization. Weak positive correlations between ΣREE and Zr (0.48 [all] , −0.48 [MF] , 0.59 [SF] ) and Hf (0.54 [all] , −0.04 [MF] , 0.58 [SF] ) suggest a minor influence by the mineral zircon on total REE contents in the MF and SF rocks. However, the GQ rocks are characterized by very high correlations between Zr and Hf (1.00), ΣREE and Zr (0.91) or ΣREE and Hf (0.93) documenting the strong influence of zircon on the chemical composition Taylor and Mclennan (1985) . Grey triangles sample st24. Grey fields as in Fig. 4 1 3 of the quartzites. This question will be further addressed in the following paragraph. The very weak correlation between ΣREE and P 2 O 5 in the MF and SF rocks (0.30 [all] , −0.38 [MF] , −0.12 [SF] ) indicates that apatite, xenotime or monazite did not control the REE distribution in these, contrasting with the important role of these minerals in the GQ as is indicated by a very good correlation of P 2 O 5 with ΣREE (0.95). a strong positive linear correlation between Cr and al 2 O 3 (0.59 [all] , 0.74 [MF] , 0.82 [SF] ) suggests that in the MF and SF, the Cr content is controlled mainly by Crbearing aluminous phases such as micas. In contrast, Cr 2 O 3 contents below the detection limit (0.001 % Cr 2 O 3 ) in the GQ quartzites signals the absence of Cr-bearing accessory oxides such as chromite in these rocks.
Provenance as REE have short residence times in natural waters and are considered to transfer quantitatively from source region (Taylor and Mclennan 1985; Mclennan 1989; Mclennan et al. 1993) , they are good indicators of the bulk composition of sediment source rocks. The similar profiles of the chondrite-normalized REE patterns of the OSD rocks imply a common source for all (Fig. 5) . Moreover, their REE patterns show enrichment of lREE relative to HREE (mean values (la/Yb) Cn : 9.28 [all] , 8.29 [GQ] , 8.27 [MF] , 9.93 [SF] ) and negative Eu-anomalies. Both features are characteristic of highly evolved magmatic rocks such as granitoids and felsic volcanics (Taylor and Mclennan 1985; Mclennan et al. 1993; Cullers 2000) . Thus, the REE patterns identify the continental crust as the dominant sediment source.
The sediment provenance may be also assessed using Th/Sc and Zr/Sc values; both increase with magmatic evolution. Th, Sc and Zr also have short residence times in water and, as with the REE, are considered immobile during surface processes and, thus, are quantitatively transported from source region to deposition area. The MF and SF rocks are characterized by Th/Sc values of 0.71-1.17 (mean value 0.88 ± 0.12), and Zr/Sc values of 7.25-20.59 (mean value 12.97 ± 4.32). Thus, on the Th/Sc vs. Zr/Sc plot (Fig. 8b) , the data cluster close to the felsic end member, confirming continental crust as the source area. In contrast, the GQ are characterized by considerably higher Th/ Sc (2.55-3.15) and Zr/Sc (90.55-102.05) values and the analyses locate along the line (Fig. 8b) indicative of sediment reworking and zircon enrichment.
Several other indicators also help in identifying the contribution from various types of source rocks to the sediment chemistry, e.g., the TiO 2 and ni relationship (Floyd et al. 1989 ), Cr-Th-la-Sc systematics (Taylor and Mclennan 1985) and the la/Th vs. Hf/Yb diagram (Hladil et al. 2003) . The OSD rocks are characterized by low TiO 2 and ni values (Fig. 10a) , typical for a felsic source essentially lacking mafic rocks. The position of the OSD rocks on the la/Th vs. Hf/Yb plot (Fig. 10b ) also indicates a source area dominated by felsic magmatic rocks. Moreover, the values of la/Sc, Sc/Th and Cr/Th suggest that the metasediment protoliths were chemically similar to granites (Condie 1993 ) and sands derived from acidic magmatic rocks (Taylor and Mclennan 1985 ; Table 4 ).
Tectonic setting of deposition
The sediment chemistry may also help to identify the tectonic setting of their deposition (e.g., Bhatia 1985; Bhatia and Crook 1986; Mclennan et al. 1990 ). Indeed, they may hold the only evidence pointing to their palaeotectonic environment of deposition (Bhatia and Crook 1986) . Thus, attempts were made to correlate the chemistry of metasediments with potential tectonic depositional settings using discrimination criteria based on both major-and trace elements capable of fingerprinting the tectonic setting of ancient sedimentary basins (e.g., Bhatia 1983; Bhatia and Crook 1986) . although the criteria used below were originally developed for sandstones, they have been successfully applied to finer-grained sediments such as mudstones and even suites of metasediments of unknown protholith (e.g., Girty et al. 1993; lopez de luchi et al. 2003; Patočka and Storch 2004; Xu Deru et al. 2007 ). Diagrams based on immobile trace elements developed by Bhatia and Crook (1986) allow discrimination between four tectonic settings deemed the most common for sandstone deposition, i.e., oceanic island arc (OIa), CIa, active continental margin (aCM) and PM. Inspection of their Sc-Th-Zr, Th-la-Sc ternary diagrams and the Ti/Zr versus la/Sc diagrams show that all the analyses representing the MF and SF rocks fall within the CIa or aCM fields (Fig. 11a-d) . The GQ rocks clearly depart from this pattern; analyses plot in the PM field in all diagrams (Fig. 11a-d) . However, on the TiO 2 vs. Fe 2 O 3 + MgO diagram, data for the MF and SF scatter between the aCM, CIa and OIa fields (Fig. 11c) ; the cause is variable TiO 2 . However, these rocks are characterized by similar values of Ti/Zr and define a rather coherent group within or close to the CIa and aCM fields on the Ti/Zr vs. la/Sc diagram (Fig. 11d) .
according to Bhatia and Crook (1986) , discrimination between supra-subduction depositional settings and PM environments is possible using ratios of several trace elements, e.g., Th/U, Zr/Hf, Zr/Th, Zr/nb, Zr/Y, nb/Y, la/Y, la/Th, la/Sc, Th/Sc and Ti/Zr. a selection of these ratios for the OSD rocks normalized to the composition of PM sediments is shown on Fig. 12 . The GQ rocks do not reveal any important anomalies in these ratios but are very similar to typical PM sediments (Fig. 12a) . The only exception is Th/U which is lower than that for siliciclastics deposited on a PM. On the other hand, several pronounced anomalies characterize the rocks of both the MF and the SF, e.g., Zr/nb and Ti/Zr values differ substantially from those of PM sediments (Fig. 12b, c) . These chemical characteristics may suggest deposition of the original sediments in a subduction tectonic setting, presumably related to an aCM or CIa.
Regional implications and correlations
Data presented here document strong similarities between neoproterozoic and Early Palaeozoic rock Units in the OSD and Saxo-Thuringian Zone and consequently also other rock successions of similar age cropping out in the western part of the Variscan Belt of Europe (e.g., OssaMorena Zone, Pereira et al. 2006) . This implies that these Table 4 Elemental ratios typical of granites, andesites, ophiolites and sands from basic and silicic rocks The upper continental crust (UCC), lower continental crust (lCC) and oceanic crust (OC), and from examined rocks reported in this study a Condie (1993) b Spadea et al. (1980) c Taylor and Mclennan (1985) Ratio Granites crustal fragments were collectively part of the northern Gondwana margin and consequently bear a record of similar geodynamic scenario for neoproterozoic and Early Palaeozoic times. However, more complex lithology is observed in both the Saxo-Thuringian and Ossa-Morena Zones in comparison with the OSD, as the latter represents rather small crustal fragment. nevertheless, similarities comprise both lithological, age and geochemical features of metasediments. Detrital zircon ages for volcano-sedimentary successions in the OSD indicate that these are coeval with deformed and metamorphosed complexes exposed in the Saxo-Thuringian Zone. Maximum deposition ages of 563 ± 6 Ma for the MF and 532 ± 6 Ma for the SF (Mazur et al. 2012 ) are similar to those of volcano-sedimentary successions from the external domain of the Saxo-Thuringian Zone, which has maximum depositional ages of 566-563 Ma for an older succession, e.g., the Rothstein Formation, and of ca 540 Ma for younger sediments, e.g., the Zwethau Formation (linnemann et al. 2008) . also, the 30 Ma time interval between the deposition of the MF and that of the SF is comparable with the interval seen in the Saxo-Thuringian Zone (linnemann et al. 2008) . Moreover, zircon age spectra reported for the MF, SF and GQ rocks are similar to those that have been documented from the Saxo-Thuringian Zone (e.g., linnemann et al. 2008) . This demonstrates that metasediments discussed here are products of erosion of continental crust most probably represented by the West african margin of Gondwana as proposed by nance et al. (2008) .
Volcano-sedimentary sequences of the SF and the GQ were deposited on Cadomian basement. In the SaxoThuringian Zone, a well-exposed Cadomian basement is represented by, e.g., the ca 570-540 Ma Western lausitz Granitoids (Korytowski et al. 1993; linnemann et al. 2000; Ż elaźniewicz et al. 2004 ). Further to the east, Cadomian basement only locally emerges from below younger sequences and is exposed in the Fore-Sudetic Block in the vicinity of Wądroże Wielkie as 548 Ma granodiorites ( Fig. 1; Ż elaźniewicz et al. 2004) . In age terms, these granitoid rocks are coeaval with Cadomian orthogneisses exposed elsewhere in the Saxo-Thuringian Zone. Thus, it seems probable that in the OSD, Cadomian basement is buried below the volcano-sedimentary sequences there, and likely copiously intruded by 500 Ma granites later transformed into the Śnieżnik orthogneiss. In geochemical composition, the rocks of the MF and SF show several features typical of sediments deposited in supra-subduction sedimentary basins. Detritus filling these basins must have been supplied by erosion of evolved felsic igneous rocks bearing an arc signature. Moreover, the identical chemical characteristics of the MF and SF rocks despite their different depositional ages suggest that there was, over time, no important change in sediment source or in detritus type filling those basins. This same situation has already been recognized both for the neoproterozoic and the Early Cambrian metasediments of the Saxo-Thuringian (linnemann and Romer 2002) and the Ossa-Morena Zones (Pereira et al. 2006) . Moreover, the geochemical similarity of the rocks of the MF and the SF to sediments from the Saxo-Thuringian Zone (linnemann and Romer 2002) suggests that a common tectonic setting may be key to explaining the origin of the neoproterozoic to Cambrian volcanosedimentary successions in the OSD and other fragments of the Cadomian orogen preserved in the European Variscan Belt. Following the model of linnemann et al. (2007) , it may be hypothesized that deposition of the older monotonous MF preceded events related to the Cadomian orogeny and occurred in a back-arc setting during the time span preceding 540 Ma. Thus, the chemical affinity of the deformed and metamorphosed volcano-sedimentary successions of the OSD, as reported here, with the neoproterozoic to Early Palaeozoic volcano-sedimentary successions widespread in the Saxo-Thuringian Zone (linnemann and Romer 2002) corroborate the isotopic data and the interpretations that the OSD represents an exhumed fragment of the Saxo-Thuringian Zone (Chopin et al. 2012; Mazur et al. 2012) .
Deposition of the protolith of the younger variegated SF could have been related to erosion of the newly formed Cadomian orogen, resulting in geochemical characteristics similar to those of the MF. However, felsic and basic volcanics and tuffites interfingered with the SF metasediments show several chemical features typical of volcanites generated in a supra-subduction setting related to a back-arc environment. Basic metavolcanic rocks predominantly of MORB-type with supra-subduction zone affinities and rare alkaline OIB-like metabasalts have previously been interpreted as recording the evolution from a back-arc setting to a rifting environment (Floyd et al. 1996; Ilnicki et al. 2013 ). In addition, acid metavolcanics interfingering the SF show continental crust affinities and also some features indicative of magmatism in a supra-subduction environment have been interpreted as due to back-arc spreading (Murtezi 2006) . The protolith age of at least some of the felsic volcanics is 500 Ma (Murtezi and Fanning 2005) .
Considering the chemistry of the metasediments and the interfingered metavolcanic rocks of the SF, it is possible that their origin involved back-arc spreading driven by slab retreat and the final opening of the Rheic Ocean as proposed by, e.g., Murphy et al. (2009) and Martinez et al. (2009) . In this context, the chemical composition of the SF rocks could reflect not only the erosion of the freshly exhumed Cadomian orogen, as suggested for the Early Cambrian volcano-sedimentary succession of the SaxoThuringian Zone by, e.g., linnemann et al. (2004), linnemann et al. (2008) and Mazur et al. (2012) but also the tectonic setting of its sedimentary basin.
The GQ show features typical of sediments deposited on a passive continental margin which, together with their relatively young maximum deposition age (ca 490 ± 9 Ma; Mazur et al. 2012) , allows correlation with lower Ordovician quartz-rich sandstones well-known from central and western parts of the European Variscan Belt (e.g., linnemann and Romer 2002). Thus, these quartzites might be equivalents of the armorican Quartzite Formation in Portugal and Spain related to the opening of the Rheic Ocean Sánchez-García et al. 2008) .
Towards an evolutionary model for the position of volcano-sedimentary successions within the OSD Currently available data for the OSD indicate that the widely accepted lithostratigrahic scheme of the Stronie and MFs and of the GQ (Fischer 1936; Don and Dowidar 1988; Don et al. 1990 ) needs substantial revision. Recently, Fig. 13 lithostratigraphy of the Młynowiec-Stronie Group based on mapping (Don et al. 2003 ) and U-Pb SHRIMP zircon data (Mazur et al. (2012) detrital zircon SHRIMP dates (Jastrzębski et al. 2010) have suggested that the entire OSD volcano-sedimentary sequence accumulated within a single depositional basin, thus postulating the lack of an Early Palaeozoic unconformity separating Cadomian basement from the youngest post-Cadomian sequences. However, this view is at variance with the data presented in this paper which show that the GQ, the youngest element of the volcano-sedimentary succession (Mazur et al. 2012) , were deposited in a tectonic setting contrasting with that in which the sediments of the MF and SF were. The inference is that fragments of Saxo-Thuringian crust are exposed in the OSD (Chopin et al. 2012; Mazur et al. 2012) . as several lines of evidence indicate that the OSD sediments did not accumulate in a single depositional basin, a reconstruction of the original lithostratigraphy of the Stronie-Młynowiec Group is required (Fig. 13) .
The lithostratigraphy proposed here (Fig. 13) , and also recently suggested by Mazur et al. (2012) , implies that that the entire Stronie-Młynowiec Group in the OSD is tectonically disturbed. The youngest GQ horizon lies between the Młynowiec and SFs which are both older, a juxtaposition which may be explained by thrusting. Based on differences in metamorphic record, three tectonic units within the volcano-sedimentary succession in the Bystrzyckie Mts have been interpreted as fragments of three distinct nappes that were later jointly refolded (Szczepański 2010a ). although the model of Chopin et al. (2012) for the tectonics and structural evolution of the OSD apparently precludes or at least does not require large-scale nappes in this part of the Sudetes the explanation of the inferred lithotectonic scheme for the metasedimentary rocks in the OSD presented above may allow a nappe-tectonic element to be merged with the model of Chopin et al. (2012) . according to that model, the Saxo-Thuringian PM started to subduct under the Brunia continent at ca 370-360 Ma. at that time the crystalline Saxo-Thuringian basement was covered by volcanosedimentary succession of neoproterozoic to Ordovician age comprising, in part the future OSD, the Młynowiec and SFs, and the GQ. The entire succession was intruded by the ca 500 Ma granitic precursor of the orthogneiss which, in places, may have penetrated the unconformity between the MF and SF (Fig. 14a) . Increasing strain during continuing subduction could conceivably have led to (Fig. 14b, c) . Simultaneously, accretionary wedge was developed, which according to Chopin et al. (2012) is represented by the South Karkonosze Unit located in the easternmost part of the Karkonosze-Izera Massif. Thrusting resulted in imbrication of the whole sequence. Thus, the oldest MF was thrust on top of the youngest, the GQ, and even on the top of orthogneiss bodies (Fig. 14c) . Consequently, in places, the youngest GQ were tectonically inserted between the SF and the MF (Fig. 14c-I ) whereas, elsewhere, both the SF together with the GQ were separated from the MF by orthogneiss bodies (Fig. 14c-II) . Horizontal compression driven by continuing underthrusting of the whole sequence led to the development of the asymmetrical antiformal structure and exhumation of the whole complex as proposed by Chopin et al. (2012) and presented on Fig. 14d . Coeval HT metamorphism triggered partial migmatization leading to the development of the Gierałtów orthogneisses.
The Młynowiec area is located on the steep eastern limb of the OSD (SM; Fig. 14d-I) where the lithotectonic sequence of the volcano-sedimentary succession starts with the MF, is followed by the GQ and topped with the SF (Fig. 15a) . This interpretation implies a major thrust between the GQ and the structurally higher SF (Fig. 14c-I) . However, the western part of the OSD, located on the normal limb of the dome (Fig. 14d-II) , comprises alternating orthogneiss bodies with the rocks of the MF in the Młoty Unit and of the SF in the Poręba and niemojów Units (Fig. 15b) . This may reflect large-scale folding, in agreement with the structural data and models of Szczepański (2010a) and Chopin et al. (2012) . If this is so, tectonic units located more to the east should record higher pressures than those more to the west. This is indeed the case. Paragneisses (sample s25 of Szczepański 2010a) from the Młoty unit records a maximum pressure of 10.2 kbar, whereas mica schists of the Poręba Unit (sample s134 of Szczepański 2010a) records maximum pressures <7.9 kbar at the same D 2 deformation episode. This is consistent with easterly units in the Bystrzyckie Mts (Młoty Unit) having experienced a greater degree of underthrusting and exhumation than did those further to the west (Poręba Unit). This eastward trend of pressure increase is, to some extent, also documented by phyllite D29 (4.3 Kbar) collected from the nové Město Unit and mica schists from more to the east represented by samples D7 and D13 (6.9-9.6 kbar) from the Orlica Mts (Mazur et al. 2005) . Furthermore, very high pressures of up to 18 kbars (Štípská et al. 2004 ) and possibly >25 kbar (Bakun-Czubarow 1992; Kryza et al. 1996; Bröcker and Klemd 1996) have been recorded in the eastern part of the OSD where eclogites and granulites are found.
The P-T data available for rocks from the western flank of the OSD enhance credibility to the model proposed here. In this part of the dome (Bystrzyckie Mts.) three tectonic units (Fig. 2, inset) with strikingly different PT history were documented (Szczepański, 2010a, b) . This allows to interpret them in terms of tectonically juxtaposed fragments of nappes. Interestingly, even in the eastern flank of the OSD, the documented PT history of rock complexes located in different parts of the dome is varied (Chopin et al. 2012) providing further support to the nappe hypothesis. Unfortunately, so far no traces of ductile shear zones which could mark base of nappes have been documented. It is conceivable that at least in part, the shear zones related to thrusting might have been obscured or even destroyed by later HT metamorphism and migmatization of the orthogneisses and emergence of Gierałtów-type migmatitic orthogneiss. according to the model presented here for the western part of the OSD (Bystrzyckie Mts), the major thrust zones should be located at the bottom of the orthogneiss bodies. This is not in accord with the original proposition of Szczepański (2010a) , but a lack of reliable data on the metamorphic evolution of the orthogneiss bodies and poor exposure considerably hampers meaningful correlation and precludes unequivocal inferences. Modification of the model of Chopin et al. (2012) by application of the nappe tectonics explains the paradox that despite geochemical and lithological similarities between the volcano-sedimentary successions in the OSD and other fragments of the Cadomian basement incorporated in the Variscan Belt of Europe (e.g., Saxo-Thuringian Zone or Ossa-Morena Zone), there are important differences in documented tectonostratigraphy of the neoproterozoic-Early Palaeozoic rock successions in these terrains. It also allows us to advocate hypothesis that the OSD corresponds to a recycled Saxo-Thuringian crust subducted and later exhumed from beneath the TB terrane in front of a rigid massif represented by Brunia (Chopin et al. 2012; Mazur et al. 2012 ).
Conclusions
new geochemical data underpin the following conclusions about the provenance, depositional setting and lithostratigraphy of volcano-sedimentary successions in the OSD.
1. neoproterozoic (Cadomian) to Cambro-Ordovician clastic sediments cropping out in the OSD were deposited at the peri-Gondwanan margin and derived from erosion of felsic volcanic rocks. The chemical signature of the sediments is thought to be related to the sediment source. The analysed metasediments are characterized by lREE enrichment, negative Eu-anomalies and relatively flat HREE patterns. In contrast, the GQ stand out as characterized by considerably lower traceelement abundances, including REE. 2. Trace-element data clearly suggest that the metasediments were derived from felsic rather than from mafic and/or ultramafic source rocks. 3. The protoliths of the metasedimentary successions of both the MF and SF were deposited in a back-arc basins. Importantly, the MF was deposited before the Cadomian orogenesis, after which the SF was deposited during incipient opening of the Rheic Ocean in response to slab retreat. 4. The GQ show chemical features typical of sediments deposited on a PM. 5. The new tectonic scenario explaining the lithostratigraphy and lithotectonics of the volcano-sedimentary succession in the OSD proposed here builds on the tectonic model of Chopin et al. (2012) . 6. We advocate the hyphothesis that the three metasedimentary successions of the OSD, deposited in different tectonic environments, represent the easternmost extension of the Saxo-Thuringian Zone. Therefore, the studied metasedimentary successions provide an important insight into Cadomian and post-Cadomian development of the Bohemian massif.
